Abstract Highly depleted harzburgites and dunites were recovered from ODP Hole 1274A, near the intersection between the Mid-Atlantic Ocean Ridge and the 15°20 0 N Fracture Zone. In addition to high degrees of partial melting, these peridotites underwent multiple episodes of melt-rock reaction and intense serpentinization and seawater alteration close to the seafloor. Low concentrations of Se, Cu and platinum-group elements (PGE) in harzburgites drilled at around 35-85 m below seafloor are consistent with the consumption of mantle sulfides after high degrees ([15-20 %) of partial melting and redistribution of chalcophile and siderophile elements into PGErich residual microphases. Higher concentrations of Cu, Se, Ru, Rh and Pd in harzburgites from the uppermost and lowest cores testify to late reaction with a sulfide melt. Dunites were formed by percolation of silica-and sulfurundersaturated melts into low-Se harzburgites. Platinumgroup and chalcophile elements were not mobilized during dunite formation and mostly preserve the signature of precursor harzburgites, except for higher Ru and lower Pt contents caused by precipitation and removal of platinumgroup minerals. During serpentinization at low temperature (\250°C) and reducing conditions, mantle sulfides experienced desulfurization to S-poor sulfides (mainly heazlewoodite) and awaruite. Contrary to Se and Cu, sulfur does not record the magmatic evolution of peridotites but was mostly added in hydrothermal sulfides and sulfate from seawater. Platinum-group elements were unaffected by post-magmatic low-temperature processes, except Pt and Pd that may have been slightly remobilized during oxidative seawater alteration.
Introduction
Highly siderophile elements (HSE) comprise the platinumgroup elements (PGE: Os, Ir, Ru, Rh, Pt, Pd), Au and Re, which have a stronger affinity for metal in planetary bodies than the chalcophile S, Se, Te and Cu (e.g., Morgan 1986; O'Neill et al. 1995; Holzheid et al. 2000) . In the mantle, these elements are mainly hosted within accessory sulfides (e.g., Prichard et al. 1994; Alard et al. 2000; Lorand and Alard 2001; Luguet et al. 2001 ) and refractory platinumgroup minerals (e.g., Pearson et al. 2007; Lorand et al. , 2013 Delpech et al. 2012; Fonseca et al. 2012) . Magmatic processes (partial melting, crystallization, meltrock reaction) can fractionate HSE, S, Se, Te and Cu, because during mantle melting up to moderate degrees the most refractory PGE (IPGE: Os, Ir, Ru) behave as compatible elements, while the less refractory PGE (PPGE: Pt and Pd), Au, Re, S, Se, Te and Cu are more incompatible (e.g., Lorand et al. 1999; Bockrath et al. 2004; Becker et al. 2006; Brenan 2008; Helmy et al. 2010; Fischer-Gödde et al. 2011; Fellows and Canil 2012; König et al. 2012) . Hence, the HSE and chalcophile elements can be used along with lithophile elements to unravel the multistage magmatic history of a mantle domain (e.g., Lorand et al. 1999 Lorand et al. , 2003 Lorand et al. , 2004 Lorand et al. , 2013 Becker et al. 2001; Büchl et al. 2002; Marchesi et al. 2010; Harvey et al. 2011) . For instance, abyssal peridotites from ODP sites 895 and 920 have relatively high concentrations of Pd that have been ascribed to late Cu-Ni-Pd-rich sulfides trapped during or after melting (Rehkämper et al. 1999; Luguet et al. 2001 Luguet et al. , 2003 . Moreover, geochemical studies of altered peridotites sampled as mantle xenoliths Lee 2002; Lorand et al. 2003; Pearson et al. 2004) , or in orogenic massifs Fischer-Gödde et al. 2011) and from ocean floors Shanks 1998, 2003; Luguet et al. 2003; Harvey et al. 2006; Liu et al. 2009 ) suggest that Os, Pd, Au, Re, S, Se and Cu may be affected by post-magmatic hydrothermal processes at relatively low T (\500°C) and/or by supergene weathering.
Harzburgites and dunites drilled at ODP Leg 209 site 1274, located 31 km north of the NW intersection of the Mid-Atlantic Ridge (MAR) with the 15°20 0 N Fracture Zone ( Fig. 1 ) are amongst the most refractory abyssal peridotites recovered from mid-ocean ridges. Their lack of residual clinopyroxene, olivine Mg# (up to 0.92), spinel Cr# (up to *0.5) and low contents of Al 2 O 3 and heavy rare earth elements (HREE) indicate high degrees of melting ([15-20 %) , possibly starting in the garnet stability field, coupled with microstructural and geochemical evidence of melt-rock reactions (Seyler et al. 2007; Godard et al. 2008) . In addition, these rocks record the effects of secondary, low-temperature processes, such as serpentinization and seawater-peridotite interaction (Bach et al. 2004 Paulick et al. 2006; Alt et al. 2007; Klein and Bach 2009 ). Site 1274 peridotites thus provide a valuable opportunity to investigate the composition of highly meltdepleted and heavily altered mantle material, and in particular to examine the behavior of peridotite-hosted PGE and chalcophile elements under a wide variety of high-and low-temperature conditions. This paper discusses the processes responsible for PGE, S, Se and Cu abundances in refractory abyssal peridotites sampled from regular intervals over the 156 m of Hole 1274A. We show that PGE, S, Se and Cu in this material record a multistage history of magmatic and hydrothermal events that significantly modified the composition of highly melt-depleted upper mantle.
Geological setting and petrography
The 15°20 0 N Fracture Zone is one of the slowest spreading portions of the MAR (*2.5 cm/year) and has been studied by several geological surveys (e.g., Cannat et al. 1997; Escartín and Cannat 1999; Escartín et al. 2003; Fujiwara et al. 2003; Kelemen et al. 2007 ). This spreading zone is characterized by a thinned discontinuous basaltic crust with outcrops of mantle peridotite and gabbroic intrusions on both sides of the rift valley of the spreading axis. Two concentric Bouguer negative anomalies, located at around 14°and 16°N, coincide with magmatic centers where thick igneous crust accreted (Escartín and Cannat 1999) . The region between these two gravity bull's-eyes shows relative gravity highs spatially coincident with serpentinised peridotite and gabbro representing magma-starved areas (Cannat et al. 1997) . During ODP Leg 209, 19 holes were drilled at eight sites close to the 15°20 0 N Fracture Zone (Kelemen et al. 2007) . One of these holes, Hole 1274A (3,940 m below sea level), is situated on the southern margin of the 16°N gravity low and on the western flank of the MAR axial valley (Fig. 1) . This hole penetrated to a depth of 156 m below seafloor (mbsf) with 35 m of core recovery consisting of 71 % harzburgite, 19 % dunite, 3 % gabbro and 7 % fault gouge. Harzburgite dominates the upper 80 m of the hole, where rare centimeter-scale intervals of dunite were also recovered; below 80 m, the amount of dunites increases. From about 95 down to 145 mbsf, there are several gouge regions consisting of brecciated peridotite and gabbro and serpentine mud, interpreted as fault zones. Peridotites of Hole 1274A show variable but high degrees of serpentinization increasing from 40 to 80 % in the upper 95 m of the hole to almost complete serpentinization ([95 %) below. Late oxidative alteration by cold seawater formed Fe-oxyhydroxide haloes along aragonite veins in the upper 90 m of the borehole (Bach et al. 2004) .
For this study, we selected 15 harzburgites and three dunites from Hole 1274A, previously analyzed by Harvey et al. (2006) for Re-Os isotopes. Harzburgites are coarsegrained and show relict primary silicate assemblages made up of 70-80 % olivine, 15-25 % orthopyroxene, \1-5 % clinopyroxene and\2 % spinel (visual modal estimations), in the range of values reported in previous works Seyler et al. 2007; Godard et al. 2008) . Minor clinopyroxene forms veins replacing orthopyroxene, fills interstitial spaces between olivine or olivine and orthopyroxene, or is associated with spinel and/or base-metal sulfides (BMS) in symplectites. These textures have been interpreted as secondary in origin and produced by reaction with or crystallization of percolating melts in ultra-depleted refractory harzburgites Seyler et al. 2007; Godard et al. 2008) . Dunite was interpreted as the product of orthopyroxene dissolution in highly depleted harzburgite Godard et al. 2008) .
Typical alteration products are serpentine after olivine and orthopyroxene, brucite and magnetite after olivine, and rare talc and tremolite after orthopyroxene and clinopyroxene (Bach et al. 2004 . Cr-spinel is virtually unaltered but some grains exhibit variably thick (\15 lm) rims of ferrian chromite. Pseudomorphic mesh textures with relicts of primary olivine in mesh cores and serpentine/brucite-rich mesh rims are common throughout the upper cores of Hole 1274A; in many cases, magnetite forms networks within serpentine and fills fractures in former olivine grains, but it is never in contact with fresh olivine. Complete serpentinization of peridotites results in the replacement of fresh olivine centers by serpentinebrucite assemblages and the formation of strings and veins of magnetite . Non-pseudomorphic ribbon textures, consisting of a well-developed network of serrate chrysotile veins, usually coexist with pseudomorphic textures. Thin sections in which olivine is completely serpentinised occasionally preserve unaltered clinopyroxene, indicating T \ 250°C for fluid-rock interaction (Bach et al. 2004 .
Analytical methods
Because of their very small size, the identification and characterization of fine-grained intergrowths of BMS could only be achieved by electron microscopy techniques. Basemetal sulfide species were characterized using their characteristic EDS spectra and microphotographed by an Environmental Scanning Electron Microscope (ESEM) at the Centro de Instrumentación Científica of the University of Granada (Spain). Quantitative analyses of single BMS grains were obtained using a CAMECA SX50 instrument at the Serveis Cientificotècnics of the University of Barcelona (Spain); accelerating voltage was 25 kV, sample current 20 nA and beam diameter 2 lm. Representative results of electron microprobe analyses are listed in Table 1 .
Concentrations of S, Se, Te, PGE (Ir, Ru, Rh, Pt and Pd), Au and Cu in whole-rocks were determined at the Geoscience Laboratories (Geo Labs, Sudbury, Canada). Total sulfur was analyzed by combustion of 0.5 g rock powder, sulfur oxidation to SO 2 in an oxygen-rich environment and infrared adsorption; the detection limit was 100 ppm. Selenium and tellurium were analyzed by hydride generation and inductively coupled plasma mass spectrometry (ICP-MS). The samples were digested in hot concentrated acids (perchloric, 12 M hydrochloric, hydrofluoric and 16 M nitric) at 120°C for one day and taken to incipient dryness at 70°C. Large (10 g) powder aliquots permitted detection limits of 3.5 ppb and 1 ppb for Se and Te, respectively; procedural blanks were below the analytical detection limits. Precision (\9 %) and accuracy (\5 %) for this procedure at Geo Labs have been evaluated by Lorand et al. (2008) and through analyses of international peridotite standards (UB-N and JP-1) ( Table 2) . Iridium, Ru, Rh, Pt, Pd and Au were measured in 15 g of sample (\100 lm mesh) by NiS fire-assay (NiS-FA) with SnCl 2 Á2H 2 O-Te co-precipitation and ICP-MS following the procedure described by Richardson and Burnham (2002) and Savard et al. (2010) . Pd and 197 Au, and the data of Cu, Ni and Ta were used to monitor isobaric interferences on Ru, Rh, Pd and Au; procedural blanks were below the detection limits. The choice of the NiS-FA technique allowed the analysis of representative large test masses (15 g), reducing the likelihood of a nugget effect that can be present in serpentinised peridotites, and permitted the determination of the abundances of mono-isotopic Rh and Au. Savard et al. (2010) have shown that the NiS-FA procedure yields analytical results comparable to data obtained by isotope dilution in combination with High-Pressure Asher digestion for the analyses of low-level PGE concentrations in ultramafic rocks (Table 2) . Detection limits in this study were 0.03 ppb for Ir, 0.09 ppb for Ru, 0.03 ppb for Rh, 0.10 ppb for Pt, 0.06 ppb for Pd and 0.27 ppb for Au. A duplicate PGE-Au analysis of a 15 gram aliquot of sample 03R-1-61-71 is reported in Table 2 ; the reproducibility for all the elements is better than 3 %. PGE-Au analyses of three aliquots of the CANMET Certified Reference Material TDB-1 and two aliquots of the GSJ standard JP-1, having PGE concentrations similar to the unknowns, compare well with published values of these materials (Table 2 ; Shirai et al. 2003; Meisel and Moser 2004; Savard et al. 2010) .
Copper was determined by aqua regia digestion followed by ICP-MS analysis calibrated with external standards. One gram of sample was attacked for one day using combination of concentrated hydrochloric and nitric acids; the detection limit was 0.7 ppm. Concentrations of chalcophile elements and PGE are displayed in Table 2 . Although the data for S, Se-Te, PGE-Au and Cu were obtained from different powder aliquots, the large sample sizes processed minimize the potential effects of powder heterogeneity on the results.
Results

Base-metal sulfide (BMS) mineralogy
We inspected five thin sections per sample to search for BMS and platinum-group minerals in the studied Hole 1274A peridotites. Despite careful optical observation, platinum-group minerals were not detected and BMS have only been observed in six polished sections from the upper 80 m of the borehole. The scarcity of BMS in these samples (\0.01 vol.%) contrasts with their higher abundance detected by Seyler et al. (2007) , who report up to 0.1 vol.% of BMS in samples with high modal clinopyroxene/orthopyroxene from the uppermost and lowest cores. Such a discrepancy is most likely due to the highly heterogeneous distribution of BMS between different hand samples and thin sections.
Only *10 % of about 180 counted grains of BMS are enclosed in fresh olivine or pyroxene and were protected from the serpentinization that affected the peridotites. Thus, most of the BMS occur in zones of alteration such as the contacts between olivine or pyroxene and serpentine (*40 %) or in the serpentine matrix (*50 %). The size of BMS grains is very variable ranging from \1 up to [200 lm, with a diameter of \10 lm being typical. Basemetal sulfides hosted in fresh olivine and pyroxene have only been observed in harzburgite 02R-1-31-37 and they consist of (\50 lm) intergrowths of pentlandite ± chalcopyrite ± bornite (Cu 5 FeS 4 ) exhibiting bleb-like, holly leaf or more commonly subhedral shapes (Fig. 2a-c) . Where hosted in pyroxene, the BMS grains are oriented parallel to the cleavage planes and are often surrounded by trails of several smaller (\5 lm) BMS inclusions veining the host pyroxene (Fig. 2a) . The occurrence of these BMS assemblages as inclusions in primary silicates and the coexistence in the BMS aggregates of Ni-rich pentlandite [Ni/Fe at = 1.08-1.61, metal/S at = 1.02-1.13, Co \3.57 at.%] and Cu-rich sulfides (chalcopyrite, bornite) suggest their derivation from droplets of immiscible Cu-enriched Ni-Fe sulfide melts segregated at high temperature, as proposed by Seyler et al. (2007) .
Base-metal sulfides located at the contact between olivine or pyroxene and serpentine consist of ovoid/rounded droplets or irregular shaped grains of pentlandite rimmed by intergrowths of awaruite (Ni 3 Fe) ± magnetite ( Fig. 2d-f ) (see also Klein and Bach 2009 ). The morphology and composition of pentlandite [Ni/Fe at = 0.97-1.14, metal/S at = 1.03-1.06, Co \0.87 at.%] support its magmatic origin. Some grains rimmed by awaruite ± magnetite are Fe-and S-depleted [Ni/Fe at = 4.85-5.48, metal/ S at = 1.30-1.37, Co \2.39 at.%], evidencing that formation of awaruite ± magnetite occurred via desulfurization of the pre-existing pentlandite. Euhedral to subhedral (Fig. 2g ), in agreement with the relatively low temperature of serpentinization of these rocks (Klein and Bach 2009 ). Assemblages of BMS found exclusively embedded in serpentine also include pentlandite replaced by awaruite ± magnetite (Fig. 2h, i) , cobaltian pentlandite replaced by heazlewoodite, jaipurite or awaruite (Fig. 2j) , as well as intergrowths of pentlandite and awaruite both mantled by magnetite (Fig. 2k) ; in the latter case, textures suggest that awaruite co-precipitated in equilibrium with pentlandite rather than derivation by low-temperature desulfurization (Klein and Bach 2009 ). Locally, pseudomorphs of pentlandite together with anhedral jaipurite, euhedral alloys (awaruite, wairauite (CoFe)) and native copper occur in the serpentine matrix ( Fig. 2l-n (Fig. 3) . Sulfur in these rocks is more abundant at a given Se than in common continental and oceanic peridotites, and its highest concentrations resemble those of some MAR abyssal peridotites (Fig. 3) . The abundances of Se are more homogeneous and generally lower than in other oceanic peridotites, PUM and DMM (Fig. 3 ), in agreement with the particularly depleted nature of these abyssal mantle rocks. Selenium is especially poor (\3-8 ppb) in harzburgites and dunites from the intermediate cores (*35-85 mbsf), and it is richer (11-33 ppb) in harzburgites above and below this level. Selenium and S do not correlate, and S/Se (*10 4 -10 5 ) in all the samples is notably higher than in CI chondrite (Palme and Jones 2003) , PUM and (Fig. 3) . Tellurium is mostly below the analytical detection limit (1 ppb) except in three high-Se harzburgites (Te = 3-10 ppb) with Se/Te between 3 and 5, similar to values in highly refractory melting residues . Copper (2-18 ppm) is not correlated with S and Se (Fig. 4) , and it is poorer than in PUM, DMM and most continental and oceanic peridotites, especially in lowSe harzburgites (Fig. 4) . Cu/S (\0.01-0.09) is significantly lower than in PUM (Fig. 4a) , suggesting secondary S enrichment , and Cu/Se (*100-2,000) varies largely, both above and below the values of PUM and DMM (Fig. 4b) .
Platinum-group elements (PGE)
The PGE concentrations in Hole 1274A peridotites are variable and generally lower than in DMM but overlap with those of both oceanic and continental mantle rocks (Fig. 5) . High-Se harzburgites from the uppermost and deepest cores have a relatively narrow range of IPGE (e.g., Ir = 1.59-3.44 ppb) and much more heterogeneous PPGE concentrations (e.g., Pd = 0.43-6.71 ppb), which are reflected by their very variable Pd N /Ir N ratios (0.13-2.81) (Fig. 5a ). Rhodium in these rocks is slightly enriched relatively to Ru and Pt. Low-Se harzburgites from the intermediate cores have more homogeneous PGE contents (e.g., Ir = 1.41-2.75, Pd = 0.17-2.63 ppb) and display flat-tonegatively-sloping CI chondrite-normalized patterns (Pd N / Ir N = 0.07-0.83) (Fig. 5b) ; two of these samples are especially depleted in Pt and/or Pd (Fig. 5b) (Fig. 5c ) (Wang et al. 2013 ).
Discussion
Low-temperature hydrothermal alteration
As sulfides in mantle rocks are very prone to multiple postmagmatic modifications, interpretations of the PGE-S-SeCu variations in Hole 1274A peridotites require first an assessment of the potential effects of low-T hydrothermal alteration. Serpentinization of Hole 1274A peridotites occurred at low T (\250°C), high pH (7-10), low water/ rock ratios, and very low fO 2 (log fO 2 \ -40) and fS 2 (-3 \ log fS 2 \ -2) conditions, mainly producing serpentine, brucite and magnetite after olivine and venting of H 2 , H 2 S and CH 4 in the overlying water column (Bach et al. 2004; Alt et al. 2007; Klein and Bach 2009 ). At these conditions, primary Fe-Ni-Cu sulfides are altered to low S assemblages, as shown by the common desulfurization of pentlandite and chalcopyrite to awaruite, heazlewoodite and alloys in the thin sections studied here ( Fig. 2d-m ) (Alt and Shanks 1998; Seyler et al. 2007; Klein and Bach 2009 ). However, total S in peridotites from Hole 1274A is generally higher than in PUM and DMM (Fig. 3) , indicating König et al. (2012) , Alard (2001, 2010) , Lorand et al. (2003) , Morgan (1986) and Wang et al. (2013) . PUM (grey star) and DMM (black star) are from McDonough and Sun (1995) and Salters and Stracke (2004) , respectively that S in these rocks was mostly gained and not lost during their post-melting evolution. Indeed, most sulfur in these peridotites is present as sulfate derived from seawater (Alt et al. 2007) , although a sulfate phase was not optically detected in the studied thin sections likely owing to its presumable very low modal content (Alt and Shanks 2003) . Relatively low 34 S contents in sulfide and sulfate are due to reduction upon cooling by microbial populations sustained by H 2 and CH 4 vents, which increased sulfide-S by deposition of hydrothermal sulfides associated with serpentine veins (Alt et al. 2007 ). Circulation of oxidizing, more siliceous fluids at higher T related to pyroxene serpentinization may in part explain the highest S contents at 130-145 mbsf, which corresponds with frequent fault zones Alt et al. 2007; Klein and Bach 2009) . In summary, sulfur in Hole 1274A peridotites does not generally reflect their magmatic evolution but it is mostly controlled by low-T hydrothermal processes similar to those recorded in abyssal peridotites at Hess Deep (Alt and Shanks 1998) .
Selenium and copper in residual peridotites are less mobile than S during serpentinization, low-temperature alteration and contamination by crustal fluids (Xiao et al. 1998; Lorand et al. 2003; König et al. 2012 ). Contrary to S, the low Se and Cu contents in Hole 1274A peridotites (Fig. 4b ) are more consistent with the highly depleted nature of these rocks and the common incompatible behavior of these elements during mantle melting, and they can be considered good proxies of abundances of magmatic BMS . Indeed, hydrothermal sulfides in abyssal peridotites are poor in Se and have high S/Se (Yamamoto 1976; Luguet et al. 2004) , supporting the hypothesis that their precipitation at Hole 1274A strongly increased S/Se (Fig. 3) without significantly affecting the Se budget. Higher Se and Cu abundances in high-Se harzburgites from the uppermost and lowermost cores (Fig. 4b ) are in agreement with their higher modal abundances of magmatic BMS (Seyler et al. 2007 ), but the large variability of Cu/Se even in samples with concentrations well above their detection limits (Fig. 4b) suggests that magmatic Cu abundances were disturbed by hydrothermal processes, most likely by deposition of native copper during serpentinization (Seyler et al. 2007) .
The mobility of PGE in aqueous fluids mainly depends on temperature, pH, oxygen and sulfur fugacities, and chlorine concentrations (Wood 1987; Fleet and Wu 1993; Xiong and Wood 2000; Maier 2005; Bell et al. 2009 ). Considering the T, pH, fO 2 , and fS 2 conditions of serpentinization at Hole 1274A, Pt and Pd at this site may have been affected by low-T remobilization as bisulfide complexes (Mountain and Wood 1988; Wood et al. 1992 Wood et al. , 1994 Gammons and Bloom 1993; Pan and Wood 1994; Barnes and Liu 2012) . However, the experimental studies of Gammons and Bloom (1993) and Pan and Wood (1994) suggest that the solubility of PPGE under conditions similar to those experienced during serpentinization at Hole 1274A would have been very low (maximum tens of ppt), thus several orders of magnitude lower than their concentrations in peridotites (from about 200 ppt up to 8 ppb). Scarce pyrite and valleriite (4(Fe,Cu)SÁ3(Mg,Al)(OH) 2 ) in late serpentine veinlets indicate higher fO 2 and fS 2 conditions during late seafloor alteration (Alt et al. 2007 ), which could have caused higher Pt and Pd mobilization into fluids (Gammons and Bloom 1993) . However, the absolute values of oxygen and sulfur fugacities recorded by the stable mineral assemblage decrease with temperature and are expected to be notably low at \150°C (Alt and Shanks 1998; Delacour et al. 2008) , thus strongly reducing the capacity of fluids to dissolve PPGE-bearing minerals during late circulation. In summary, although we cannot König et al. (2012) , Alard (2001, 2010) and Lorand et al. (1999 Lorand et al. ( , 2003 . PUM (grey star) and DMM (black star) are from McDonough and Sun (1995) and Salters and Stracke (2004), respectively exclude that Pt and Pd may have been remobilized at low T, the impact of serpentinization and seafloor alteration on the magmatic PGE budgets of Hole 1274A peridotites can be considered minimal, even for the samples most depleted in PPGE.
Partial melting and melt-rock reaction
The low clinopyroxene modal abundances and the fertility indices of Hole 1274A peridotites (e.g., Al 2 O 3 \ 0.92 wt% on anhydrous basis) are benchmarks of high degrees of partial melting ([15-20 %) likely predating the melt-rock reactions undergone by these rocks (Seyler et al. 2007; Godard et al. 2008) . Figure 6 shows the Al 2 O 3 versus Se, -Cu and -PGE variations predicted by melting models in which the abundances of chalcophile elements and PGE are controlled by sulfides and different sulfide melt/silicate melt partition coefficients (D). Considering the uncertainties on the HSE composition of the fertile mantle source (i.e., PUM or DMM) and on the sulfide-silicate partitioning during melt extraction, the concentrations of Se, Cu and PGE in low-Se harzburgites are consistent with the values expected for highly depleted melting residues. Base-metal sulfides are completely exhausted from the residual mantle after *12-20 % partial melting of a fertile source by pressure-dependent solubility of S in the melt (e.g., Handler and Bennett 1999; Lorand et al. 1999; Mavrogenes and O'Neill 1999; Luguet et al. 2003) . This suggests that the main hosts for PGE and Se in ultra-depleted peridotites, such as low-Se harzburgites from Hole 1274A, are scarce BMS and highly refractory PGE-rich microphases such as Os-Ir-Ru alloys, Pt-Ir-Os alloys and minerals of the laurite (RuS 2 )-erlichmanite (OsS 2 ) solid solution series (Luguet et al. 2007; Fonseca et al. 2012) . Despite repeated SEM investigations, no such PGErich discrete microphases have been observed in the studied thin sections, probably owing to their extreme rareness and the very small size of these minerals (Luguet et al. 2007 ). However, the generally good correlation between Ir and PPGE, which have different geochemical behaviors during mantle melting, in low-Se harzburgites (Fig. 7a, b) suggests partitioning of all their PGE into the same discrete refractory phases, likely platinum-group minerals and metal alloys formed at high T . Bearing in mind the uncertainties inherent to melting models, some high-Se harzburgites appear too rich in Cu and Se to be simple residues of high degrees of melting (Fig. 6a, b) , supporting the hypothesis that precipitation of Cu-Ni-rich sulfides (Fig. 2b) by melt-rock reaction increased the concentrations of these elements after melting. The general higher Ru-Rh-Pd abundances in these rocks compared to low-Se harzburgites (Fig. 6d, e, g ) Normalizing values from Palme and Jones (2003) . Symbols as in Fig. 3 . PGE compositions of oceanic peridotites (grey field) in a and b are from Aldanmaz et al. (2012) , Becker et al. (2006) , Büchl et al. (2002) , Hanghøj et al. (2010 , Luguet et al. (2001 Luguet et al. ( , 2003 Luguet et al. ( , 2004 , Rehkämper et al. (1999) , Snow and Schmidt (1998) , Snow et al. (2000) and van Acken et al. (2010) . PGE compositions of continental peridotites (dashed line) in a and b are from Alard et al. (2011 ), Becker et al. (2006 , , Lee (2002) , Lorand and Alard (2001 ), Lorand et al. (1999 , Pearson et al. (2004) , Rehkämper et al. (1999) and Wang et al. (2013) . Field of oceanic dunites (dashed line) in (c) is from Aldanmaz et al. (2012) , Büchl et al. (2002) , Hanghøj et al. (2010) , Lorand et al. (2004) and Rehkämper et al. (1999) ; PGE patterns of the Balmuccia dunites (grey lines) are from Wang et al. (2013) suggest that the concentrations of these elements were similarly enhanced by melt-rock reaction, in agreement with the high Ru-Rh-Pd composition of Cu-Ni-rich metasomatic sulfides in peridotites (Luguet et al. 2001 (Luguet et al. , 2004 Lorand et al. 2008) . Late precipitation of magmatic sulfides in high-Se harzburgites agrees with: (1) the lack of correlation between Ir and Pt-Pd in these rocks (Fig. 7a, b) , which suggests their prevalent residence in different phases (i.e., refractory platinum-group minerals and metasomatic base-metal sulfides, respectively), and the suprachondritic Pt N /Ir N and Pd N /Ir N of some of these samples (Fig. 5a) ; (2) the contents of Au and Te, two strongly melt-loving chalcophile elements, which are above their detection limits in some of these rocks (Table 2 ), contrary to predictions of melting models (Fischer-Gödde et al. 2011; König et al. 2012) ; (3) the relatively high proportions of Cu-rich BMS in high-Se harzburgites (Fig. 2a-c, 0 -50 % Cp and Bn according to visual estimates), as customarily observed in metasomatized peridotites Luguet et al. 2001 Luguet et al. , 2003 Luguet et al. , 2004 Lorand et al. 2004) ; and (4) the relatively BMS-rich character of harzburgites from the uppermost and lowest cores (Seyler et al. 2007) , from which high-Se harzburgites were mostly recovered. However, the lack of correlation between Al 2 O 3 and Se, -Cu, -Ru, -Rh and -Pd in high-Se harzburgites (Fig. 6) suggests that the concentrations of the latter elements mostly record reaction with a percolating sulfide melt separated from the silicate magma that precipitated secondary clinopyroxene and spinel (Seyler et al. 2007) . In spite of the higher affinity of Pt and Pd for sulfide melt than for monosulfide solid solution, the sulfide phase that is stable in the mantle under silicate-melting conditions (Bockrath et al. 2004) , the precipitation of metasomatic sulfides in high-Se harzburgites has not particularly enriched these rocks in Pt (Fig. 6f) , as reported for abyssal peridotites from the Kane Fracture Zone (KFZ) in the Atlantic Ocean (Rehkämper et al. 1999; Luguet et al. 2003) . Indeed, the slope of the correlation between Pd and Pt in high-Se harzburgites is lower than that observed in low-Se harzburgites (Fig. 7c) , possibly reflecting the partial retention of Pt in the source of the metasomatic sulfide melt. This may be due to the presence in the melting assemblage of Pt-Ir-Os alloys, which are stable at high temperature and low oxygen and sulfur fugacities in the convecting mantle (Lorand et al. 2008 and may partially decouple Pt from Pd (Peregoedova et al. 2004 ). However, the magmatic covariance of Pt and Pd in Hole 1274A peridotites may have been slightly disturbed by interaction with volatile-rich fluids at temperature close to the solidus (Godard et al. 2008) , which can remobilize PPGE as chloride complexes (Wood 1987; Fleet and Wu 1993; Bell et al. 2009 ). Moreover, although the yields of Pt and Pd are close to 100 % for the reference materials analyzed with the samples (Table 2) , we cannot exclude that the low concentrations of Pt and Pd in some samples (Fig. 5) may partly reflect the incomplete collection of PPGE-rich micronuggets by the NiS-FA technique (Lorand et al. 2008 ).
Percolation of S-undersaturated melts in dunite channels
Dunites at Hole 1274A were formed by dissolution of orthopyroxene in surrounding harzburgites induced by reaction with silica-undersaturated melts generated at greater depths (Godard et al. 2008) . Dunites with a similar replacive origin in ophiolites generally have PPGE-rich patterns and radiogenic Os isotope compositions more similar to oceanic basaltic melts than to residual peridotites, as their HSE budgets are mostly controlled by sulfides precipitated from S-saturated melts at high melt/rock ratio (e.g., Büchl et al. 2002 Büchl et al. , 2004 Hanghøj et al. 2010 ). Dunites at Hole 1274A have abundances of PGE and chalcophile elements generally similar to enclosing low-Se harzburgites, including their depletion in Se and PPGE typical of highly refractory melting residues (Fig. 6 ). This indicates that melt-rock reaction in dunites did not delete the PGE and chalcophile signatures of precursor harzburgites, as confirmed by their similar subchondritic Os isotope compositions . The low abundance of sulfides in dunites and their resemblance to low-Se harzburgites in terms of chalcophile composition support the idea that the silicate melts that formed the dunite channels were S-undersaturated (Shi et al. 2007 ). Silicate melts ascending to shallow depths in the mantle can be S-undersaturated as the solubility of sulfur in mafic magmas increases with decreasing pressure (Mavrogenes and O'Neill 1999) . Platinum-group and chalcophile elements in Hole 1274A dunites are thus likely controlled by mixing between residual platinum-group minerals and scarce BMS from precursor harzburgites, as proposed for dunites with similar PGE compositions from the Balmuccia peridotite massif (Wang et al. 2013 ). However, dunites at Hole 1274A mostly have higher Ru and lower Pt abundances than enclosing low-Se harzburgites (Fig. 6d, f) , and these variations are not associated with clear changes in Se, Cu and Pd (Fig. 6a, b, g ). This suggests that the mobilization of Ru and Pt is not related to BMS but may be due to precipitation/removal of platinum-group minerals. Relative Ru enrichment in dunites may have resulted from crystallization of Ru-rich discrete microphases (e.g., laurite, OsIr-Ru alloys) from S-undersaturated melts (Brenan and Ir (ppb) (Finnigan et al. 2008 ) upon cooling of the magmatic percolation system. On the other hand, the relative depletion in Pt suggests that Pt-rich refractory microphases (e.g., Pt-IrOs alloys) may have been dissolved or physically stripped in the silicate melt that flowed through the dunite band .
Conclusions
The sulfide assemblage of highly depleted peridotites from ODP Hole 1274A shows the strong imprint of serpentinization under reducing conditions, which caused desulfurization of primary pentlandite and chalcopyrite to low-S sulfides and metal alloys. However, sulfur was mostly added and not removed during serpentinization and late seafloor alteration via precipitation of hydrothermal sulfides and seawater sulfate. Contrary to sulfur, selenium and copper mostly record the magmatic evolution of Hole 1274A peridotites prior to serpentinization. Harzburgites and dunites recovered from cores at intermediate depths have low Se and Cu concentrations, consistent with their highly depleted lithophile compositions; on the other hand, harzburgites from the uppermost and lowest cores are richer in Se and Cu (Fig. 4b) in agreement with the higher abundances of magmatic sulfides in these samples. In spite of the strong alteration of Hole 1274A peridotites, their interaction with fluids during serpentinization and seafloor alteration had a negligible impact on the PGE budgets, except for a possible slight mobilization of Pt and Pd under late oxidizing conditions. Low contents of Se, Cu and PGE in low-Se harzburgites from the intermediate cores are consistent with the high degrees of melting ([15-20 %) experienced by these rocks. Intense melting consumed primary mantle sulfides Fig. 6 Comparison of Se (a), Cu (b) and PGE (c-g) compositions of Hole 1274A peridotites with predictions of batch melting models (solid lines) based on different sulfide melt-silicate melt partition coefficients (D). Al 2 O 3 values (wt% on anhydrous basis) from Harvey et al. (2006) . Symbols as in Fig. 3 . The grey star shows the PUM composition of McDonough and Sun (1995) , and the white box its variability inferred by Becker et al. (2006) . Melting is modelled using a primitive upper mantle source with S = 250 ppm and S solubility in melt = 1,000 ppm. D values in (a) are from Barnes et al. (2009) and Rose-Weston et al. (2009) ; in b are from Barnes et al. (2009) and Fellows and Canil (2012) ; and in c-g are from Peach et al. (1990) , Crocket et al. (1997) , Fleet et al. (1999) and ; small black circles indicate the percentages of melt extraction. The compositions of abyssal peridotites from the Kane Fracture Zone (KFZ, Atlantic Ocean) (Rehkämper et al. 1999; Luguet et al. 2003; Becker et al. 2006) Fig. 3 and melting models as in Fig. 6 (solid lines) . The grey star shows the average composition of the PUM (Becker et al. 2006) . The compositions of abyssal peridotites from the Kane Fracture Zone (KFZ, Atlantic Ocean) (Rehkämper et al. 1999; Luguet et al. 2003; Becker et al. 2006) are shown for comparison (dashed area) and redistributed PGE and chalcophile elements mainly into refractory platinum-group minerals such as Os-Ir-Ru and Pt-Ir-Os alloys, and minerals of the laurite-erlichmanite series. High-Se harzburgites drilled in the uppermost and lowest cores are richer in Se and Cu than predicted from melting models, suggesting that reaction with a sulfide melt crystallized late Cu-Ni-rich sulfides also enriched in Ru, Rh and Pd, but not in Pt. Percolation of SiO 2 -S-undersaturated melts in peridotites recovered from the intermediate cores generated dunites by dissolution of orthopyroxene, while mostly conserving the PGE and chalcophile signatures of precursor low-Se harzburgites. Melt-rock reaction may have also induced the crystallization/stripping of residual PGE-rich microphases, causing the relative enrichment of dunites in Ru and their depletion in Pt.
